Bone remodeling is regulated by local factors that regulate bone-forming osteoblasts and boneresorbing osteoclasts, in addition to hormonal activity. Recent studies have shown that reactive oxygen species (ROS) act as an intracellular signal mediator for osteoclast differentiation. However the role of ROS on osteoblast differentiation is poorly understood. Here, we investigated the impact of ROS on osteoblastic differentiation of MC3T3-E1 cells. Osteogenic induction resulted in notable enhancement of mineralization and expression of osteogenic marker gene alkaline phosphatase, which were accompanied by an increase in ROS production. Additionally, we found that mitochondrial morphology dynamically changed from tubular reticulum to fragmented structures during the differentiation, suggesting that mitochondrial morphological transition is a novel osteoblast differentiation index. The antioxidant N-acetyl cysteine prevented not only ROS production but also mineralization and mitochondrial fragmentation. It is therefore suggested that the ROSdependent signaling pathways play a role in osteoblast differentiation accompanied by mitochondrial morphological transition.
eases, it is important to elucidate the regulatory mechanisms of the differentiation and activation of osteoclasts and osteoblasts. Although the physiological mechanisms of bone metabolism are becoming better understood, the intracellular signal transduction pathway that contributes to the regulation of differentiation and activation of osteoclasts and osteoblasts remains to be established. In this regard, it was recently reported that reactive oxygen species (ROS) act as an intracellular signal mediator for osteoclast differentiation, in which RANKL (receptor activator of NF-κB (nuclear factor κB) ligand) induces NADPH oxidase-derived ROS as an essential mechanism for osteoclast differentiation (10, 15, 18) . However, the role of ROS on osteoblast differentiation remains largely uncertain. Mitochondria are crucial organelles involved in cellular energy production and in the regulation of numerous aspects of cellular activity including Ca 2+ signaling and apoptosis (5, 23) . Furthermore, it has become evident in recent years that mitochondria medium (every 3 days). Cells were plated on glass cover slips for immunofluorescence analysis (24-well plates, 20,000 cells/well) and directly on plastic dishes for other experiments (6-well plates, 60,000 cells/well).
Detection and quantification of mineralization. Mineralization, a terminal osteoblast differentiation marker, was determined by the deposition of crystalline hydroxyapatite and visualized by alizarin red S staining. Cells cultured in differentiation media for the specified days were briefly rinsed with Mg 2+ -and Ca 2+ -free phosphate-buffered saline (PBS) followed by fixation with 70% ethanol for 1 h at 4°C. Cells were washed with distilled water and stained for 10 min, at room temperature, with a 2% (w/v) alizarin red S solution (pH 4.2), and then rinsed 5 times with water to remove nonspecific stain. Stained MC3T3-E1 cells were photographed and then quantified alizarin red S as described by Gleeson et al. (8) .
Morphological analysis of mitochondria. Mitochondrial morphology was analyzed as described previously (10) . Briefly, the cells were cultured on 35-mm glass-bottom dishes (IWAKI Scitech, Tokyo, Japan) in 2 mL of in α-MEM as described above for the indicated times. After incubation, the cells were incubated with 250 nM MitoTracker Green FM for 30 min at 37°C in a 5% CO 2 humidified incubator, and then the cells were washed twice with PBS, and fresh medium was added. The cells were then observed under fluorescent microscope (1000 × magnification) (OLYMPUS IX70; OLYMPUS, Tokyo, Japan). We counted at least 100 cells in each experiments and the cells were grouped into three categories: class I, class II and class III. Class 1 cells contained granule type (< 2 μm in length) mitochondria and class 2 cells contained rod-shaped mitochondria (< 5 μm in length). Cells with long mitochondrial tubules (> 5 μm in length) were placed in Class III.
Reverse transcription polymerase chain reaction (RT-PCR) analysis.
At day 15 of culture, total RNA from MC3T3-E1 cells was extracted using Trizol as recommended by the manufacturer. RT-PCR was performed as described previously (1). Primers used are 5'-GCCCTCTCCAAGACATATA-3' and 5'-CCA TGATCACGTCGATATCC-3' for ALP, and 5'-GCA TTGCTGACAGGATGCAG-3' and 5'-CCTGCTTG CTGATCCACATC-3' for β-actin.
Determination of ROS production. In this study, a are highly dynamic organelles that continuously undergo fission and fusion; these processes are collectively termed mitochondrial dynamics. The events of mitochondrial dynamics are central regulators of cellular activities including energy metabolism, aging and apoptosis (19) . Recently, we have found that mitochondrial morphology changed from highly interconnected network to fragmented and/or punctate structures during adipocyte differentiation and that mitochondrial fusion and fission processes play a role in the regulation of functional ability of differentiated adipocytes including lipid droplet accumulation (13) . Considering that mitochondrial dynamics play a key role in various cellular activities, it may be reasonably assumed that mitochondrial morphological dynamics is linked to cell differentiation. In this study, we found that mitochondrial morphology dynamically changed during the progress of osteoblastic differentiation of MC3T3-E1 cells and thus proposed that mitochondrial morphological transition is a new osteoblast differentiation index. Therefore, to evaluate the role of ROS on osteoblast differentiation, we investigated here the effect of antioxidant N-acetyl cysteine (NAC) on ROS production, mineralization and mitochondrial dynamics during the progress of osteoblast differentiation.
MATERIALS AND METHODS
Materials. α-Modified minimal essential medium (α-MEM) and Triazol were obtained from Invitrogen (Camarillo, ON, Canada); MitoTracker Green FM was from Molecular Probes (Eugene, OR, USA); ascorbic acid, β-glycerophosphate and dexamethasone were from Sigma. Other reagents were of the highest commercial grade available and purchased from Sigma Chemical (St. Louis, MO, USA).
Cell culture and differentiation. In this study, we used mouse MC3T3-E1 osteoblastic cells (kind gift from Dr. Ueno, Ohu University) to address the role of ROS on osteoblast differentiation. This cell line has been successfully used in various studies to explore the molecular mechanisms of osteoblast differentiation (4, 14, 20, 23, 29) . The MC3T3-E1 cells were maintained in α-MEM supplemented with 10% fetal bovine serum, 1% L-glutamine and antibiotics in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Differentiation was induced by incubating the confluent MC3T3-E1 cells in the differentiation medium (50 μg/mL ascorbic acid, 10 mM β-glycerophosphate, 100 nM dexamethasone in α-MEM) for 3 days, followed by changing of the the class II cells containing rod-shaped mitochondria did not change significantly. These results indicate that mitochondrial fragmentation is induced during the differentiation.
Involvement of ROS in osteoblastic differentiation of MC3T3-E1 cells
To elucidate the role of ROS on osteoblast differentiation, we first determined ROS production during osteoblastic differentiation of MC3T3-E1 cells by NBT assay. As shown in Fig. 3A , osteoblastic induction resulted in an increase of ROS production in a time-dependent manner. When the cells were incubated in the presence of antioxidant NAC, ROS production was suppressed significantly. NAC treatment also suppressed mineralization of the differentiated MC3T3-E1 cells in a dose-dependent manner (Fig. 3B) , suggesting that ROS play an important quantitative NBT (nitro blue tetrazolium) test was used to measure ROS production within an intracellular compartment as described (11, 26) . MC3T3-E1 cells were plated in 12-well plates and incubated with or without NAC. On the indicated days, cells were washed with PBS, incubated with 0.2% NBT in PBS at 37°C for 45 min, and then the formazan precipitates were dissolved by the addition of 560 μL of 2 M KOH and 480 μL of DMSO (dimethyl sulfoxide). The amount of reduced NBT was quantified by determination of the absorbance at 630 nm.
Statistical analysis. Experimental and control samples used in the functional assays were compared for statistical significance using the Student's t-test. P < 0.05 was considered as statistically significant.
RESULTS

Osteoblastic differentiation of MC3T3-E1 cells
As shown in Fig. 1 , no formation of alizarin redpositive mineralized nodules was observed in the non-differentiated MC3T3-E1 cells (day 0 shown in A), while well defined mineralized nodules (day 14 shown in A) and up-regulation of osteogenic marker gene alkaline phosphatase (ALP) (C) were observed in the differentiated MC3T3-E1 cells. The mineralization and ALP expression levels were increased linearly by day 14 post-induction. Up-regulation of other osteoblast marker genes such as osteocalcin and RANK (receptor activator of NF-κB) was also observed at day 10 post-induction (data not shown).
Mitochondrial morphological transition during osteoblastic differentiation of MC3T3-E1 cells
Our previous findings suggested a functional link between mitochondrial morphological transition and cell differentiation (13) . We then investigated whether mitochondrial morphological transition is actually induced during the progress of osteoblastic differentiation of MC3T3-E1 cells. As shown in Fig. 2A , mitochondria appeared as continuous reticulum in the non-differentiated MC3T3-E1 cells (day 0). As expected, upon differentiation of MC3T3-E1 cells, mitochondrial morphology changed from continuous reticulum to fragmented structures. The number of class I cells containing fragmented mitochondria increased from ~8% (day 0) to ~18%, ~23%, and ~40% at day 5, day 10, and day 14, respectively. In contrast, the number of class III cells containing long tubular mitochondria decreased from ~18% (day 0) to ~3%, ~4%, and ~2% at day 5, day 10, and day 14, respectively (Fig. 2B) . The number of The results represent mean ± SEM of three independent experiments. The asterisks indicate statistical significance compared to the value in day 0 (*P < 0.05 and **P < 0.01).
role in the regulation of differentiated function of osteoblast.
Role of ROS on mitochondrial morphological transition during osteoblastic differentiation of MC3T3-E1 cells
It is well known that ROS-induced oxidative stress induces mitochondrial fragmentation in endothelial cells, neurons, and C2C12 myocytes (2, 6, 12) . Therefore, of particular interest is whether NAC treatment also suppresses the mitochondrial morphological transition associated with osteoblast differentiation. As shown in Fig. 4 , although the number of the class I cells markedly increased at the differentiated stage as shown in Fig. 2 , NAC treatment suppressed this increase in a dose-dependent manner. On the contrary, NAC treatment increased the number of class III cells whose number markedly decreased at the differentiated stage, implicating the possible involvement of ROS-dependent signaling pathways on mitochondrial fragmentation accompanied by osteoblast differentiation. Furthermore, we found that mitochondrial morphological transition accompanied by osteoblastic differentiation is suppressed by PD98059, a known inhibitor of the ERK1/2 signaling pathway (Table 1) , supporting a functional link between mitochondrial morphological transition and osteoblastic differentiation.
DISCUSSION
In this report, we demonstrated that ROS play a role, at least in part, in osteoblast differentiation. It has been known that excessive ROS production is associated with pathology of many human diseases, including neurodegenerative diseases and bone loss, but the low levels of ROS exhibit a physiological intracellular signaling role, leading to proliferation, migration, apoptosis and differentiation (3, 16, 17, 28) . Indeed, it was shown that BMP-2 (bone morphogenetic protein-2) triggers physiological ROS generation through an activation of NADPH oxidase to induce ALP, resulting in the initiation of osteoblast differentiation (17) , and that exposure of embryonic stem cells to increasing concentrations of hydrogen peroxide (H 2 O 2 , 1-100 nM) led to cardiomyocyte differentiation, whereas higher doses (1 μM) depressed cardiomyocyte differentiation compared with control conditions (16) . It was also reported that mitogen-activated protein kinase (MAPK) family including ERK1/2 and p38 MAPK, which are downstream effector kinases of ROS, plays important roles in the proliferation and differentiation of osteoblasts (9, 27) . Therefore, ROS produced in response to various differentiation stimuli could be common mediators to promote osteoblast differentiation probably through the activation of ERK1/2 and p38 MAPK; however, this proposal needs further experimental verification. Furthermore, this study provides a novel link between mitochondrial morphological transition and osteoblast differentiation. Induced differentiation of MC3T3-E1 cells is accompanied by mitochondrial fragmentation in which mitochondrial morphology dynamically changed from tubular reticulum to fragmented structures during the differentiation. ROSdependent signaling pathways were also responsible for this mitochondrial dynamics. It is not clear whether this mitochondrial fragmentation has physiological significance in the progress of osteoblast differentiation, but given that the events of mitochondrial dynamics are central regulators of cellular activities including triacylglycerol accumulation activity in differentiated adipocytes (13, 19) , these morphological transition might certify the progress of osteoblast differentiation although molecular mechanisms linking mitochondrial dynamics with the regulation of cellular functions remain unclear. Finally, this study provides a basis for understanding the role of ROS-dependent signaling pathways on osteoblast differentiation. This study will help to develop novel drugs for treatment of bone diseases, which target upstream and downstream regulatory components involved in the regulation of ROS-dependent signaling pathways and mitochondrial morphological dynamics.
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